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Background: L1 is an important primary rRNA-binding protein, as well as a
translational repressor that binds mRNA. It was shown that L1 proteins from
some bacteria and archaea are functionally interchangeable within the ribosome
and in the repression of translation. The crystal structure of bacterial L1 from
Thermus thermophilus (TthL1) has previously been determined.
Results: We report here the first structure of a ribosomal protein from archaea,
L1 from Methanococcus jannaschii (MjaL1). The overall shape of the 
two-domain molecule differs dramatically from that of its bacterial counterpart
(TthL1) because of the different relative orientations of the domains. Two strictly
conserved regions of the amino acid sequence, each belonging to one of the
domains and positioned close to each other in the interdomain cavity of TthL1,
are separated by about 25 Å in MjaL1 owing to a significant opening of the
structure. These regions are structurally highly conserved and are proposed to
be the specific RNA-binding sites.
Conclusions: The unusually high RNA-binding affinity of MjaL1 might be
explained by the exposure of its highly conserved regions. The open
conformation of MjaL1 is strongly stabilized by nonconserved interdomain
interactions and suggests that the closed conformations of L1 (as in TthL1)
open upon RNA binding. Comparison of the two L1 protein structures reveals a
high conformational variability of this ribosomal protein. Determination of the
MjaL1 structure offers an additional variant for fitting the L1 protein into
electron-density maps of the 50S ribosomal subunit.
Introduction
In both archaea and bacteria, the ribosomal protein L1 is a
primary rRNA-binding protein and a translational repres-
sor [1–4]. Experimental data on RNA binding by bacterial
and archaeal L1 proteins suggest that the RNA-binding
sites are structurally highly conserved despite low
sequence homology between the proteins from different
phylogenetic domains. Thus, L1 from Escherichia coli
(EcoL1) binds in a specific manner to 23S rRNA and
26S/28S rRNA from various organisms [1,5–7]. In addi-
tion, L1 from the archaeon Methanococcus vannielii
(MvaL1) was shown to  replace EcoL1 in the E. coli ribo-
some in a functional manner [6].
The structure of L1 from the extreme thermophilic bac-
terium Thermus thermophilus (TthL1) has already been
determined [8]. The protein is composed of two domains
with the N and C termini both located in domain I. The
fold of domain I represents an example of the so-called
split β–α–β structural motif [9]. Domain II represents a
version of the Rossmann fold. Interesting features of the
TthL1 molecule are the weak interdomain contacts and
the interdomain flexibility [8,10].
Crystallographic studies of ribosomal proteins from bacte-
ria have progressed rapidly during the past decade [11],
but the structures of ribosomal proteins from archaea and
eukarya have not yet been published. The structure of L1
from M. jannaschii (MjaL1), described in this paper, is the
first three-dimensional structure of an archaeal ribosomal
protein. MjaL1 contains 219 amino acid residues [12] and
shares 29.2% sequence identity with TthL1. 
Results and discussion
Structure determination
The crystal structure of MjaL1 from M. jannaschii was
determined by multiple isomorphous replacement (MIR),
whereas all attempts to solve the structure by the molecu-
lar replacement (MR) method have failed. Initial phasing
at 3.0 Å resolution, using three heavy-atom derivatives,
produced an overall figure of merit of 0.618 (Table 1). The
isomorphous phases were improved and extended with
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density modification procedures (see the Materials and
methods section). The resulting electron-density map was
of excellent quality (Figure 1) and allowed the fitting of
the entire amino acid sequence, apart from the last seven
C-terminal residues. The final model includes 212
residues (out of 219), 70 water molecules and was refined
to an R value of 20.3% and an Rfree value of 27.1%, using
data to 2.3 Å resolution (Table 2).
Description of the structure
MjaL1 is an elongated molecule with two domains and
overall dimensions of 57 Å × 45 Å × 32 Å. The entire
structure is well ordered, and the only mainchain region
with significant flexibilily is the C terminus (residues
213–219) where the electron density is weak. The Cα
trace of the model and a ribbon diagram are presented in
Figure 2. Domain I includes residues 1–56 and 149–219
and contains both the N and C termini. Domain II spans
residues 57–148. The secondary structure is indicated in
the sequence alignment in Figure 3.
Domain I has an approximate elliptical shape. The connec-
tivity scheme of this domain is α1-β1-β2-β7-β8-α7-β9-β10.
Strands β1, β8 and β9, together with helix α7, form a split
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Table 1
Data collection and phasing statistics.
Data set Native Orange Pt* Na-mersalyl† K3UO2F5
X-ray source BL711 BL711 BL711 RU200
Resolution (Å) 2.3 (2.38–2.30) 3.0 (3.05–3.00) 3.0 (3.05–3.00) 3.0 (3.07–3.00)
Multiplicity 3.85 (3.74) 2.06 (1.98) 2.01 (2.00) 2.92 (3.0)
Completeness (%) 89.1 (78.3) 94.2 (84.7) 93.7 (87.8) 97.7 (93.9)
I/σ (I) 20.6 (16.4) 21.5 (18.3) 18.5 (16.3) 3.8 (2.5)
Rmerge (%)‡ 5.6 (10.5) 4.6 (9.4) 4.5 (7.5) 8.3 (30.1)
Concentration (mM) 0.5 1.0 1.0
Time of soak (days) 7 7 5
Rdiff§ 11.5 17.1 12.0
No. of sites 2 4 5
Phasing power# 2.20 2.32 0.83
Cullis factor¶ 0.66 0.62 0.91
Values within parentheses are for the highest resolution shell. *Orange
Pt, platinum(II)(2,2′:6′,2′′-terpyridine)chloride dihydrate. †Na-mersalyl,
sodium{2-(N-(3-hydroxymercuri-2-methoxi-propyl)carbamoyl)
phenoxyacetate}. ‡Rmerge = Σ Iobs – <I>⁄ΣIobs;
§Rdiff = 2*ΣFi – Fj/Σ(Fi + Fj), where the summation is over all
reflections. #Phasing power = Fh/A, where Fh is the heavy-atom
structure factor and A is the residual lack of closure. ¶Cullis factor is
defined as <lack of closure> / <isomorphous difference>. The overall
figure of merit was 0.618 at 3 Å resolution.
Figure 1
Stereoview of part of the electron-density map
calculated from DM phases [25] of the
ribosomal protein L1 from M. jannaschii. The
map is contoured at the 1.2σ level.
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β–α–β motif. Loops β1–β2 and β7–β9 contain 310 helices
and these, together with loop β7–β8, form one pole of the
ellipsoid. There is a cluster of alternating charges (Asp36,
Arg38, Lys39 and Glu41) and a salt bridge (Arg43–Asp156)
on this pole. Residue Asp36 is identical in all known L1
sequences. This residue forms a hydrogen bond with the
mainchain amide group of residue Arg38 and stabilizes a
special conformation of this loop region. The other pole of
domain I is formed by loops α1–β1, β8–α7 and β9–β10. A
network of hydrogen bonds involving residues Arg3,
His52, Thr170, Glu172, Gln173, Asp176 and Glu179 stabi-
lizes the relative position of helices α1 and α7, and the 
N terminus of loop β2–β3. The connectivity scheme of
domain II is β3-α2-β4-α3-α4-β5-α5-β6-α6. Strands β3-β4-
β5-β6 form a four-stranded parallel β sheet. Helices α2 and
α6 are positioned on one side of the sheet and helices α3,
α4 and α5 are on the other. Helices α3 and α4 are approxi-
mately perpendicular to each other and parallel to helix
α5, which is kinked by 90° at residue Met119. Two 
310-type helices connect α5 to β5 and β6.
The two domains of MjaL1 are quite separate from each
other and are connected by a hinge region comprising two
oppositely directed polypeptide chains, which have differ-
ent lengths (residues 50–58 and 147–148). Several hydro-
gen bonds and a double salt bridge (between Arg54 and
Asp103) link the polypeptide chains in this hinge and in
turn to each of the domains. In addition to the connecting
hinge, a salt bridge between Glu47 and Lys131 links
strand β2 of domain I and strand β6 of domain II.
(Figure 4). The relative positions of both domains are also
stabilized by a vast hydrophobic core, which extends
through the entire molecule and involves residues of the
domain interface (Phe104, Leu146 and Val151).
Comparison of the MjaL1 and TthL1 structures
The overall shapes of the MjaL1 and TthL1 structures
differ considerably because of the different relative posi-
tions of the domains (Figure 5). Despite the closed confor-
mation, TthL1 has an unusually small interdomain contact
surface (~4% of the total area of each domain), which
allows some flexibility of the domains [8,10]. In contrast,
an open conformation of MjaL1 is strongly stabilized by a
network of hydrogen bonds and salt bridges. 
The majority of hinge residues are identical in both Mja1
and TthL1 but there is a substitution at position 54, which
may be crucial for the domain arrangement. Arg54 in MjaL1
makes two hydrogen bonds with the mainchain carbonyl
groups of Lys56 and Thr149 as well as a double salt bridge
with Asp103, which in turn is hydrogen bonded to the
mainchain amide group of Lys59 (Figure 4). These bonds
alter the mainchain direction in MjaL1. It is important to
note that the observed difference in the relative orientation
of the two domains is not caused by crystal packing. This is
confirmed by recent results on the structure of L1 from
Methanococcus thermolithotrophicus (MthL1) which was crys-
tallized in another space group (ST, unpublished observa-
tions). The crystal packing of MjaL1 and MthL1 is very
different, but the overall three-dimensional structure of
both proteins are closely related with a root mean square
(rms) deviation of 0.8 Å for all Cα atoms. The open confor-
mation of MthL1 is also well stabilized by a very close
network of hydrogen bonds and salt bridges despite the
involvement of nonconserved residues.
Each domain of MjaL1 has approximately the same
dimensions and is closely related topologically to its coun-
terpart in T. thermophilus, although there are essential dif-
ferences. The N-terminal helix of TthL1 is absent in the
MjaL1 structure owing to a shorter amino acid sequence at
the N terminus. The comparison of domains I from the
two structures reveals that the main differences occur in
the α7–β9 loop (the maximum displacement of corre-
sponding residues exceeds 5.0 Å), and in the relative ori-
entation of the α helices to the β sheet. Thus, helices α1
and α7 are longer and displaced from their positions in
TthL1 by about 2.5 Å and 1.7 Å, respectively, whereas the
structure of the β sheet in the two proteins is strongly con-
served (rms deviation between Cα atoms of 0.35 Å). 
Domain II retains its overall Rossmann fold topology, but
there are essential differences between the two structures.
MjaL1 has an extra α helix (α4) owing to additional
residues (92–98). There are changes in the length of
helices α3 and α6, and in the relative orientation of
helices α2 and α6. A characteristic feature of TthL1 struc-
ture is a kink in helix α5; this is conserved in MjaL1. All
helices are displaced from their positions relative to the β
sheet in TthL1 by about 4.5 Å. The four-stranded parallel
β sheet is slightly different from that of TthL1. Thus, a
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Table 2
Refinement statistics.
Resolution range (Å) 8–2.3
Number of reflections 11,079
Residues included 1–212
Number of non-hydrogen atoms 1683
Number of water molecules 70
Rconv (%) 20.3
Rfree (%)* 27.1
Average B factor (Å2) 28.87
Rms deviations
bond lengths (Å) 0.018
bond angles (°) 3.086
dihedral angles (°) 24.96
Ramachandran plot statistics
residues in most favoured regions (%) 93.6
residues in additional allowed regions (%) 5.9
residues in generously allowed regions (%) 0.5
*Calculated for 5% of data in test set.
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protrusion in the interdomain space of TthL1, formed by
loop α5–β6 from domain II, is absent in MjaL1.
Possible RNA-binding sites
RNA-binding sites of proteins usually contain lysine and
arginine residues, which are assumed to be involved in
charge interactions with the RNA backbone, polar
residues, which provide specific hydrogen-bond donors
and acceptors, and aromatic residues, which might stack
with bases. The large amount of sequence data available
for L1 makes it possible to map the sequence conserva-
tion pattern on to the crystal structure. There are two
main contiguous clusters containing strictly conserved
residues of all the above mentioned types on the surface
of L1 (Figure 6). The first cluster consists of residues
Phe22, Thr204, Met205 and Gly206, which belong to
two adjacent loops in domain I, whereas the second
cluster (residues Gly124, Pro125, Arg126 and Gly127) is
located at the end of helix α5 in domain II. The struc-
tures of both clusters are highly preserved in the two
available L1 structures, and are strongly stabilized by
numerous hydrogen bonds between the backbone atoms.
The sidechains of the residues in these conserved
regions have the same relative positions in both proteins.
The first cluster forms a hydrophobic patch on the
surface and contains an aromatic ring, which could be
involved in stacking interactions with RNA. The two
glycines (Gly124 and Gly127) in the second cluster are
located at two ends of a loop and might add some flexi-
bility, thus allowing a better adaptation of the peptide
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Figure 2
The overall structure of ribosomal protein
MjaL1. (a) Stereoview ribbon representation
showing the elements of secondary structure:
α helices, red; β strands, blue; and 310 helices,
orange. (b) Stereoview Cα trace of the MjaL1
backbone with every tenth atom labelled and
marked with a closed circle. (The figure was
generated using MOLSCRIPT [28].)
st8404.qxd  03/21/2000  03:17  Page 366
structure to the structure of RNA and facilitating interac-
tions with the invariant Arg126. Both clusters are close to
each other on each side of the interdomain cavity of
TthL1. In contrast to TthL1, there is no well-defined
cavity between the domains in MjaL1 and the two most
conserved regions of the molecule are approximately
25 Å apart. 
In comparison with TthL1, MjaL1 has 11 additional posi-
tively charged residues. This results in a greater positive
electrostatic potential of the surface of MjaL1 (Figure 7)
and can explain the extremely high affinity of MjaL1 for
rRNA. To our knowledge, the dissociation constant of
5 × 10–10 M of the MjaL1–23SrRNA complex is the lowest
ever reported for a ribosomal protein–RNA complex [3].
The affinity of TthL1 for the 23S rRNA binding site is
lower (Kd = 2 × 10–9 M). Most of the basic residues are
involved in two extended positively charged regions on
the protein surface. One region arises because of the addi-
tional helix α4 and includes residues Arg54, Lys56, Lys59,
Lys90, Lys92, Arg93, Lys94, Arg96, Lys97, Lys100,
Arg126 and Lys128, which form a cloud of positive
charges over helix α4 that protrudes into the interdomain
region. The second region is located at the C terminus of
MjaL1, containing six lysines. This part of the molecule is
very flexible and poorly defined in the electron density
map. Both clusters may be involved in phosphoribose
interactions with some parts of the 23S rRNA.
Should L1 be in an open conformation to bind RNA?
Phylogenetic analysis reveals that the L1 attachment site
in domain V of the 23S rRNA and the L1-binding regions
of mRNA coding for L1 are highly conserved [13–15]. It is
also known that EcoL1 has the ability to bind specifically
to a variety of bacterial and archaeal 23S rRNAs [1,6,7] and
to eukaryotic 26S/28S rRNA [5]. Moreover, for phylogenet-
ically unrelated species, such as E. coli and M. vannielii, L1
proteins are functionally interchangeable within the ribo-
somes as well as in the repression of translation [6,13].
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Figure 3
Representative sequences of L1 proteins from two phylogenetic
domains: TthL1 (bacteria) and MjaL1 (archaea). The numbering is for
MjaL1. Conserved substitutions (Val/Ile/Leu, Thr/Ser, Asp/Glu,
Asn/Gln, Arg/Lys, Tyr/Phe) within each domain are indicated by boxes;
the boxes are yellow if corresponding residues are identical in all
known sequences of the domain. If conserved substitutions or identical
residues occur for bacteria and archaea at the same positions they are
boxed together. The positions of α helices, 310 helices and β strands of
MjaL1 are shown below the alignment. 
Figure 4
The open conformation of MjaL1 is stabilized
by a network of hydrogen bonds and salt
bridges. Stereoview of MjaL1 with hydrogen
bonds and salt bridges shown as dotted lines;
key residues are labelled. (This figure was
generated using MOLSCRIPT [28].)
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This is only possible if the RNA-binding site of L1 and
the L1-binding site of the corresponding RNA molecules
are structurally highly conserved. 
The large potential rRNA-binding region, consisting of
two clusters of strictly conserved positively charged,
polar and aromatic residues, was found in the inter-
domain cavity of TthL1. If this region is involved in spe-
cific RNA binding the cleft between the domains should
be opened in order to fully display the residues to the
RNA. The TthL1 structure was found to contain an
unusually small interdomain contact surface with only a
few weak interdomain interactions. A domain movement
of TthL1 is therefore likely to occur as part of the mech-
anism for RNA binding. A slight opening of the structure
was subsequently observed in a Ser179→Cys mutant of
TthL1. The size of the cavity between the domains,
however, did not seem to be sufficient for binding 23S
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Figure 5
Stereoview superposition of MjaL1 (red) and
TthL1 (green) with least-squares minimization
of differences in the Cα atom coordinates of
the β sheet of domain I. The structures are
strikingly different owing to the different
relative positions of domain II. MjaL1 has an
open conformation in contrast to the
conformation of TthL1.
Figure 6
Clusters of strictly conserved residues of
(a) TthL1 and (b) MjaL1. The  clusters are
close to each other in TthL1, but in MjaL1
they are separated by approximately 25 Å and
are fully exposed to RNA due to the open
conformation. Conserved residues are shown
in red. (This figure was generated using the
program MOLSCRIPT [28].)
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rRNA. In MjaL1,  these patches of conserved residues
are separated by about 25 Å and are fully exposed
because of a significant opening of the structure
(Figure 6). These regions might be considered as specific
RNA-binding sites as they are structurally conserved
both in bacterial and archaeal L1 proteins. The open
conformation of MjaL1 is strongly stabilized by noncon-
served interdomain interactions. The full exposure of the
putative RNA-binding sites might suggest that this
protein only needs minor conformational changes for
RNA binding, whereas TthL1 probably needs much
larger conformational transitions. This assumption is  in
agreement with available kinetic data. The association
rate of MjaL1 is more than one order of magnitude
higher, than that of TthL1 (C Köhrer et al., unpublished
observations). This means that MjaL1 binds to rRNA
very rapidly, whereas TthL1 needs an additional time.
Thus, the MjaL1 structure might be ready for rRNA
recognition and binding, whereas the TthL1 structure
needs time for some rearrangement. 
Is it possible to move the proposed RNA-binding sites of
TthL1 up to 25 Å apart? Computer simulations show no
evident restrictions that would prevent TthL1 from
adopting the same conformation as MjaL. This suggests
that L1 proteins from different sources might adopt an
open conformation close to that of MjaL1 upon RNA
binding. Moreover, it was possible to position the MjaL1
structure according to ‘blobs’ observed in the 12 Å
MIRAS (molecular isomorphous replacement with anom-
alous scattering)  maps of the 50S ribosomal subunit,
whereas attempts to fit the TthL1 structure failed [16] (P
Nissen, personal communication). These X-ray data, lead
us to propose that the L1 protein has an open conforma-
tion in the ribosome.
Biological implications
Ribosomes from all three kingdoms of living organisms
are composed of two subunits and contain between 50
and 85 distinct proteins and three to four large RNA
molecules. Electron-density maps of the small riboso-
mal subunit from a thermophilic bacterium Thermus
thermophilus [17] and of the large ribosomal subunit
from a halophilic archaeon Haloarcula marismortui [16]
were recently reported at 5.5 Å and at 5.0 Å resolu-
tion, respectively. At this resolution α helices of pro-
teins appear tube-like, and weaker density is seen for 
β sheets. Knowledge of the high-resolution structures
of ribosomal proteins together with additional indepen-
dent data on their approximate location in the subunits
and their interactions with rRNA, will help to place
these proteins in the ribosome as a whole. 
Ribosomal protein L1 is a good candidate to be fitted
first into the model of the large ribosomal subunit, as the
so called ‘L1 protuberance’ is easily recognizable in 
electron-density maps. Furthermore, the L1-binding site
on rRNA has been studied in detail [1]. The structure of
bacterial L1 from T. thermophilus (TthL1) has previ-
ously been determined [8]. Problems, however, arose
when attempts were made to fit the TthL1 structure into
electron-density maps of the large ribosomal subunit
[18,19]. The structure of archaeal L1 from Methano-
coccus jannaschii (MjaL1), reported here, offers an addi-
tional variant to fit L1 into electron-density maps of the
large ribosomal subunit. The overall shapes of TthL1
and MjaL1 differ dramatically. MjaL1 has a more open
conformation, which is strongly stabilized by a complex
network of interdomain interactions. The coordinates of
MjaL1 were given to the Steitz group and were used to
position the protein in 12 Å resolution MIR maps [16].
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Figure 7
The molecular surfaces of (a) TthL1 and 
(b) MjaL1 coloured by electrostatic potential
(red, negative; blue, positive; white,
uncharged). A well-defined region of positive
charge is seen clearly in domain II of MjaL1.
(This figure was generated using WebLab
ViewerPro [29].)
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The open conformation of MjaL1 makes putative RNA-
binding sites freely accessible to RNA, whereas the
TthL1 molecule might have to undergo a considerable
structural adjustment upon RNA binding. Therefore we
consider the MjaL1 conformation to be preferable for
RNA binding. This suggestion is in good agreement with
kinetic data that shows the association rate of MjaL1 to
be more than one order of magnitude higher than that of
TthL1 (C Köhrer et al., unpublished observations).
Furthermore, the structure of L1 from another archaea,
Methanococcus thermolithotrophicus, has the same open
conformation and binds rRNA with the same associa-
tion rate as MjaL1 (WP, unpublished observations).
Materials and methods
Crystallization and preparation of heavy-atom derivatives
Cloning, overexpression, purification and crystallization of MjaL1 has
been described earlier [20]. Crystals of MjaL1 were obtained with pre-
cipitant buffer number 38 of Crystal Screen II (20% PEG 10K, 0.1 M
Hepes-HCl, pH 7.5). When drops were equilibrated against 33% PEG
10K, 0.1 M Hepes-HCL, pH 7.5, crystals appeared after two to
three days and grew to a maximum size of 0.3 × 0.2 × 0.1 mm within
one to two weeks. Crystallization conditions of MjaL1 differ essentially
from those of TthL1 [8] and MthL1 (ST, unpublished observations).
Crystals of MjaL1 belong to space group P1 with unit-cell constants of
a = 34.41 Å, b = 39.91 Å, c = 55.63 Å, α = 83.03°, β = 80.25° and
γ = 74.68°, and diffract up to 2.3 Å resolution. Assuming an average
packing density within the crystal, the dimensions are consistent with
one molecule in the asymmetric unit [21] and a solvent content of about
60%. The crystals were fragile and unstable in different storage solu-
tions. To overcome this problem they were cross-linked with 0.25% glu-
taraldehyde [22]. Isomorphous heavy-atom derivatives were obtained
by soaking crystals in the standard solution: 10% PEG 10000, 50 mM
Hepes, pH 7.5, to which heavy-atom compounds were added (Table 1).
Data collection, processing and MIR phasing
Diffraction intensities were measured on a MAR imaging plate. Uranium
derivative data were collected using a Rigaku RU200 rotating-anode
generator operated at 50 kV and 80 mA. The native and two other
derivative data sets were collected at beamline BL711 at the MAX-II
synchrotron, Lund, Sweden. Each data set was obtained from one
crystal at room temperature. All data were processed and merged with
DENZO and SCALEPACK programs [23]. Phases were calculated by
the MIR method. Phase-angle determination, refinement and map cal-
culations were performed using the CCP4 suite of programs [24]. The
major platinum heavy-atom sites were easily found for this triclinic
crystal form by manual inspection of the difference Patterson map. The
phase angles obtained were used in calculations of cross-difference
Fourier maps from which minor sites were determined and other deriva-
tives were solved. MIR phases from the three derivatives were
improved and extended by density modification procedures [25]. Elec-
tron-density maps, at 2.3 Å resolution after this stage, were of excellent
quality and permitted chain tracing without ambiguities.
Model building and crystallographic refinement
The amino acid sequence for MjaL1 was obtained from the SWISS-
PROT data bank [12] and corrected according to the recent data [20].
The improved electron-density maps and skeletons produced from
them, together with the amino acid sequence and the model of L1 from
T. thermophilus made model building easy, and the entire molecule
(apart from the last seven C-terminal residues) could be built into the
maps. The model of MjaL1 was subjected to several rounds of crystal-
lographic refinement with the program X-PLOR [26] and model build-
ing with the program O [27]. The slow cooling protocol in X-PLOR was
applied at the initial stages. The final model, refined to 2.3 Å, has good
stereochemistry and there are no residues in the disallowed regions of
the Ramachandran plot.
Accession numbers
The structural data and the coordinates for MjaL1 have been deposited
in the Protein Data Bank (accession code 1CJS).
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